An overview of the design considerations and the operational characteristics for production of tomato in greenhouse in semi-arid region is provided. The integration of the automation, culture and environment requires an understanding of the production needs of the crop, and the specialized weather conditions of the Arizona climate. The plant microclimate, including air temperature and humidity, or atmospheric vapor pressure deficit (VPD), leaf temperature, and solar radiation must be balanced with the water availability within the plant root zone, as affected by the electrical conductivity of the nutrient solution and the irrigation frequency. The crop production system requires that nutrient delivery be automated to provide a consistent availability of nutrient formulation and concentration in proportion to the general daily fluctuating water demand. An automatic means to determine water demand that will vary the irrigation frequency and the nutrient concentration is important to provide the desired stress for crop production. The climate control includes monitoring and feedback mechanisms to firstly, minimize the potentially harsh diurnal fluctuating desert conditions of low air humidity, high solar radiation, and water quality with high salts, and then, to secondly, alter the plant microclimate to match the stage of plant growth and its production condition . The greenhouse structure should be of sufficient height for buffer volume needed to offset the rapid and large daily environmental fluctuations. The structure system must also offer air exchange capacity, shading, and evaporative cooling to help maintain the desired air temperature and relative humidity for crop production. Experiences and research studies within each of these areas of production system, climate control and greenhouse structure will be presented, including: production of greenhouse tomatoes within a high-wire, continuous production system; modulating plant vegetative or reproductive tendency with a combination of root zone and aerial microclimates; improving fruit market quality; and greenhouse structure design variations for improved cooling and reduced water utilization.
INTRODUCTION
The USA has 591 ha (1478 A) of vegetable production in CEA, out of an estimated 11,950 ha (29,864 A) of total greenhouse production of nursery, greenhouse, floriculture, seeds, mushrooms, and sod (USDA, 2002) . Mexico field vegetable production has more than 677,000 ha. The greenhouse vegetable industry 450 ha (1999) is rapidly developing where water is limited or climate extreme, and the demand for fresh market products is high (Benavides and Ramirez, 2003) . There are currently (2004) more than 320 ha (800 A) of greenhouse cherry tomatoes in Mexico. In 1999, Canada had 630 ha of greenhouse vegetables. Kacira, et al, 2004 , provided a worldwide review of protected cultivation, with a focus on Turkey which has a total of 40,000 ha of protected cultivation with greenhouses and low tunnels. They produce primarily vegetables (95%), and specifically tomato which represents 39% of all vegetable production, and 14 million dollars in export value. Glass and plastic greenhouses structures are 22,064 ha . Comparable areas of primary greenhouse structures reported for vegetable crops during the period 1999 -2001, and not including low tunnels are: China 1,000,000 ha; Japan 53,518 ha; Korea 52,189 ha; Spain ~33,750 ha; Italy 26,000 ha; The Netherlands 10,416 ha; France 8,108 ha; and Israel 3,510 ha. Korea has 97,623 ha total area of CEA, with 53,000 ha of vegetables. It has much potential for technology increase with only 12,700 ha (20%) heated (95% hot air), 99% plastic film, no computer environmental control, and only 617 ha of hydroponic vegetable production (Lee, et al., 2004) .
The Netherlands has 10,500 ha for all greenhouses worth 4.8 Billion Euro (1.2 US$/Euro) (Bot, G.P. A., 2004) . The goals of the Dutch industry are sustainability [less chemicals, closed systems], reducing labor costs; and a safe, dependable food supply with quality control. They achieve a 10-fold production increase in CEA compared to field production, including 80, 60, 30 kg m -2 year -1 for cucumber, tomato, and sweet pepper, respectively. With supplemental lighting at 10 -18 kLux yields increased to 125, 90, and 50 kg m -2 year -1 for cucumber, tomato and sweet pepper, respectively (Bot, G.P.A., 2004) .
ACE-SYS is a representation of the Automation, Culture and Environment and Systems integration which are the primary considerations in the synthesis and design of an integrated greenhouse system. This systems-level educational procedure developed by Giacomelli and Ting, 1994 , can help support the preliminary thoughts on process hardware for a greenhouse design based on operational goals. This paper will use the ACE-SYS concept and the experiences of CEAC faculty and students at The University of Arizona (Giacomelli, 2002) to present systems-level design considerations and operational management aspects of CEA for tomato production in the semi-arid region of the southwest United States.
Climate Conditions of the Desert Southwest
The availability of solar radiation and its daily and yearly distribution has a tremendous influence on the productivity and quality of plant growth. In controlled environment agriculture (CEA), where all other environmental factors such as air temperature, irrigation and nutrition are controlled or enhanced, the solar radiation or 'light' is the most limiting factor for plant growth. Kania and Giacomelli, 2002 determined that for the desert southwest USA, specifically Tucson, Arizona, photosynthetically active radiation (PAR) was 10,500 mol m -2 (yearly average) and a daily average of 38.4 mol m C for the days of summer. Typical day time air relative humidity ranges from 60% during summer rain periods (July -August), to 10% typical of most of the year. On an average yearly basis, there are 9, 35, 15, and 7 rainy days for the winter, spring, summer and fall seasons, respectively, that receive 74, 30, 140, and 66 mm of rain per season, respectively. These are the environmental weather conditions which must be designed for, which include significant cooling requirements, and heating needs as well, especially for the tomato crop.
The tomato crop is a model crop, extensively used for the UA-CEAC programs, in part because greenhouse tomato production has had a dramatic surge in U.S. From 1996 to 2001, there has been a 40 percent increase in greenhouse tomato area in the United States. Although average greenhouse tomato production per unit area can be as much as 10 times greater than in the field, capital costs can reach 1.5 million US$/ha (600,000 US$/A) and operating costs are 3 also greater for greenhouse production. For greenhouse production to be profitable, a market price premium must be available. Arizona has become the leading producer of greenhouse tomatoes in the US, with 89 ha (220 A), and with average production of 65 kg m -1 , 113,000 kg (250,000 lbs) are harvested each day within Arizona greenhouses (Giacomelli, 2004) .
High Wire Tomato Production System
The culture 'C' of ACE-SYS refers to the production practices of the grower and the production system utilized by the grower. The high wire tomato production system has been used in many climate conditions, however, the primary benefit of high light, high air temperature, low relative humidity desert areas is the ability to grow year around with high productivity and consistent quality. However, plant variety, leaf and fruit cluster pruning, nutritional regimes and environmental control must be carefully considered to optimize plant growth, health and fruit yield.
The tomato production procedure typical of experienced growers in the Southwest USA was adapted from practices developed in The Netherlands (Rorabaugh, et al, 2002) . Seeds are geminated in 3 cm rockwool cubes, and transplanted into 8 cm rockwool cubes after two weeks. Some growers prefer purchasing transplants from a seedling propagator. Final transplant, with a density of 2.5 plants m -2 occurs at 4 weeks from seeding by placing on top of rockwool slabs aligned in rows. The floor of the greenhouse is covered with a white ground cover, which serves as a barrier to soil pathogens and insects, reflects light into the canopy, and is easy to clean. Slits are cut in the plastic cover on one side of each slab for collection of drainage water.
Nutrient delivery is achieved with a top drip irrigation system which provides nutrient water directly to the root zone in the rockwool slab. Pressurized tap water (typical electrical conductivity (EC) less than 0.5 mS cm -1 , low alkalinity and pH of 8) is blended with concentrated stock solutions which are automatically proportioned, injected and mixed during each watering event. The solution EC can be changed according to plant growth and climate conditions and can range from 1.5 to 4 mS cm -1 , with a pH of 5.8 -6.3. The frequency, duration and location within the greenhouse of each watering event is controlled by a solar radiation integration controller. Pressure compensated plastic emitters (1.9 L hr -1 ) provide approximately 60 -100 ml during each watering cycle. Irrigations may occur up to 70 times per day, depending solar radiation intensity and plant life cycle stage. Approximately 35% excess nutrient solution is provided during each watering event for leaching of nutrient salts from the root zone and for providing sufficient amount of oxygen to the roots.
The aerial portion of the plant is trained to a single (or sometimes double) stem and supported by plastic twine secured to the stem which extends upward from the base of the plant through to the growing tip and then secured on a special hook which is attached to an overhead support wire. As the plant grows, the twine is unwrapped and the hook is moved along the support wire. This allows for lowering and leaning of the plant, which is important for maintaining the fruit production area of the plant within easy reach for harvest. Harvest usually begins 10 weeks after transplant, and the crop is terminated 12 months after transplant. Disease and insect control is by integrated pest management and bumble bees are used for flower pollination.
Nutritional feeding regimes employed by the growers direct the growth and production of the tomato plant. Under the high light conditions, high nitrogen/high EC regimes tend to produce vegetative plants, therefore prior to the onset of flowers, low nitrogen levels (90 mg/L) help steer the plant toward reproductive growth. With the development of the second truss, nitrogen in the nutrient solution is raised to 150 mg/L, and by the 4 th truss, and continuing through harvest, nitrogen is increased to 180-200 mg/L. Then depending on light intensity, EC is modulated. 
4
During low light conditions (morning, evening, cloudy weather) the EC is increased (3-4 mS cm -1 ), whereas during high light (sunny, midday conditions) the EC is decreased (2.3-2.5 mS cm -1 ) to allow for increased uptake of water and cooling by transpiration. Once in production, plant architecture can be modified by plant management techniques to maintain a balance between vegetative and reproductive growth. Recycling nutrient solution has been practiced by advanced commercial growers in the Southwestern USA, which is especially important in areas with limited water resources. Development of a practical and reliable water treatment system is necessary to gain acceptance by more growers and operations. .
Climate Control
The climate control is one form of the Automation 'A' of the Environment 'E'within ACE-SYS, and it includes monitoring and feedback mechanisms to take advantage of the desert climate. First, the climate control strategy must minimize the potentially harsh and daily fluctuating desert conditions of low air humidity, high solar radiation, as well as temper the high saline water for irrigation. Then, secondly, the control system must successfully alter the plant microclimate to match the stage of plant growth and its production condition to harvest high yields of quality fruit. Minimizing the use of natural resources such as water and energy should be also incorporated into climate control algorithms for semiarid greenhouses. Achieving minimum water use could have a higher priority than maximizing production efficiency in such areas where access to water resource is limited.
Once the greenhouse structure and its component systems are established within the greenhouse design, a climate control system sufficiently robust must become the link between desired and achieved plant environment. For successful climate control the structure and hardware system design and selection must be completed carefully. Cooling is of paramount concern, and for the design of multi-bay structures tall sidewalls with minimum height of 4 m to the gutter should be used. However, maximum gutter height may not have yet been reached, as designs have already exceeded 5 m. With such tall structures the frame strength and glazing attachment must be considered to withstand the increased stresses of wind loads.
The tall structure can help significantly to maintain desired air temperatures within the lower 3 m region for plant production while air temperatures ranging from 45 -60 o C can occur at the roof zone. Such temperature differences are used in natural ventilation designs for air exchange by having ratio of inlet opening to floor area of minimum 20%, by having the outlet at the highest location on the roof line, and by maximizing the distance between inlet and outlet [single bay designs only] . Guidelines of greenhouse structure and ventilation design in the USA have been made, primarily based on the numerous research and observations conducted in the northern, cooler climates. Some guidelines will need to be reevaluated for the Southwestern semiarid climate.
Heating design must consider uniform distribution to the crop and minimize energy consumption. The use of hot water heat distribution systems located at plant elevation has proven most efficient for maintaining night air temperatures. Although less efficient, less uniform and more costly to operate, hot air heating systems are commonly used, primarily because of reduced installation costs. Multi-layered glazing materials and internal screens are available for energy conservation practices, however, at this time of relatively low energy costs and relatively mild night air temperatures of the Southwest (except for high elevations), single glass glazing is popular primarily for its longevity and high solar radiation transmission. For similar reasons, energy screens are not typically installed, except if primarily used as a shading screen for solar radiation load reduction. 
5
Evaporative cooling is required when outside air temperatures are excessive and natural ventilation will not maintain desired air temperatures. Pad and fan systems have traditionally been used to evaporatively cool the incoming air moved by electrically powered fans. Instantaneous air temperature reductions of 17 o C can result from cooling the low humidity (10% RH) air. Uniformity of air temperature from pad to fan becomes undesirable (greater than 4 o C) as the distance from pad to fan exceeds 30 m. Maintenance of the evaporative pads increases with saline water, and useful life may only be 4 -5 years prior to replacement.
High pressure fog evaporative cooling has become a recent alternative to pad and fan cooling. It has mostly been used in combination with fan ventilation, but in very recent years, it has been tested within natural ventilated greenhouses. This dual use makes fog cooling a highly valuable technique for the future of greenhouse cooling, as it will be available for fan ventilated or naturally ventilated greenhouses. Fog cooling can be more thermodynamically efficient and water use efficient than pad and fan cooling. Tiny droplets of water (20 -50 µm), which are readily evaporated, are created under high pressure (10,000 kPa) through a small nozzle orifice (0.15 mm). The pumping power required to achieve the high pressures of fog systems will be, in part, offset by the reduction of installed fan capacity. This is estimated to be a 33% saving in motor capacity for a typical 53.7 kW ha -1 pad and fan evaporative cooling system. Less water is required with fog systems to achieve the equivalent cooling with pad and fan, and with the proper distribution of nozzles throughout the greenhouse, air temperature uniformity is significantly improved over pad and fan. Water quality must be carefully controlled to maintain nozzle operation and prevent blockage. In semiarid greenhouse design, minimizing water use is a critical issue, yet not much research has been done for assessing water use in cooling greenhouses.
MATERIALS AND METHODS

Design and Construction of a Research Greenhouse Facility for Desert Region
A gutter-connected, commercial scale, natural ventilated greenhouse designed for the desert southwest, has been constructed at the CEAC facilities. The computer-controlled greenhouse includes two independent 265 m 2 zones, containing both pad/fan and fog evaporative cooling systems for evaluation of climate control in arid environment. Studies have been initiated to verify model predictions of both pad & fan and fog cooling systems. Comparative metrics will include both water-use and energy-use efficiencies for the various combinations of greenhouse cooling and ventilation systems. The data collected on these various cooling systems will then be used to validate CFD models.
The use of an extensive distribution of sensors linked to a monitoring and climate control system provides the most optimum procedure for maintaining desired plant microclimate conditions. Typical sensor input includes air temperature, air humidity and PAR for both the plant microclimate and for outside the greenhouse structure. In addition a local weather station with wind speed and direction is monitored. These data are processed within a climate control strategy to maintain plant microclimate at 16/25 o C day/night in winter, and 20/28 o C day/night in summer season, with air humidity between 50 -60%. Shading solar radiation is rarely employed, with potential plant water stress offset by modulation of the EC within the root zone with the fertigation system. A higher EC is provided during morning and evening, while a lower EC is provided during the mid-day and afternoon high transpiration demand conditions (highest solar radiation and air temperature).
The practice of fertigation, blending concentrated nutrients, can be improved with a computer designed specifically to control fertilizer and acid injection. With the capability of 6 incorporating the EC and pH sensors, and the measured value of solar radiation into its decision making, sophisticated amendment control is possible. Solution electrical conductivity targets were automatically modulated for high or low sunlight intensities. The frequency of fertigation cycles can be controlled by the solar radiation received by the plant. An improved means of mechanical injection and flow control of blended nutrients to provide 'on-demand' EC and pH combinations has been designed and will be evaluated by CEAC Horticultural Engineer.
Production of High Quality Tomatoes in Semiarid Climate Greenhouses
With the potential for automated modification of the nutrient regime, including both frequency and quality (EC), plant management and plant physiological modification practices offer new and exciting results. For example, tomato fruit quality studies have developed feasible methods to produce value-added tomatoes that have higher concentrations of sugar and other flavor and phytochemical components by providing moderate water stress to the plants (Wu et al., 2004) . A quantitative understanding of plant growth and physiological responses to the semiarid greenhouse environment is especially important to develop advanced systems, methods and techniques for plant production under controlled environment. Understanding of plant physiological responses (photosynthetic and transpirational characteristics) as affected by aerial and root zone environments (light intensity, CO 2 concentration, vapor pressure deficit, wind velocity, day length, air temperature, root zone temperature, nutrient solution formulation, EC, and irrigation frequency, etc.) and biological factors (types of transplants) to controlled environmental conditions will permit improved analysis and optimization of production systems in Arizona and the southwest. For example, applying a nutrient solution with high EC has been a common commercial practice to improve fruit quality of cherry tomato. However, rapid yield reduction associated with continuous high salinity stress to the plants is considered as problematic. It will be important to quantify whether manipulating the EC of the fertigation system can sustain quality attributes (Brix %, acidity, fruit firmness), while maintaining yield especially later in the crop season, and at high summer air temperatures.
Environmental Control for Hydroponic Tomato Production for Semi-Arid Climates
The effects of environmental control of vapor pressure deficit (VPD), temperature, and electrical conductivity (EC) on: 1) marketable yield losses; and 2) vegetative and reproductive growth status were studied (Costa, et. al., 2004 ). An automated computer control strategy and the hardware systems for controlling greenhouse vapor pressure deficit, and day and night air temperature was developed by the CEAC engineer. The two greenhouse canopy environments were high VPD (2 kPa) associated with 27/18 ºC day/night air temperature, and low VPD (0.8 kPa) associated with 24/22 ºC day/night air temperature. Plant responses from the treatment environments were contrasted with those from a standard commercial greenhouse environment (24/19 ºC day/night air temperature). All environmental treatments were separately provided both 2.5 and 8 mS cm -1 EC nutrient solutions regimes.
Greenhouse Tomato Production with High Saline Nutrient Solution.
Tomato fruit quality usually increases with increased salinity nutrient solution. However, reduced fruit size and increased blossom end rot may result. The problem is further aggravated with high VPD, which also reduces yield. High VPD has a negative affect on marketable yield even with standard nutrient solution salinity. Maximum total marketable yield was obtained with EC=2.5. Fruit quality was improved with high salinity, regardless of the canopy environment provided. EC=8 significantly increased % Brix, acidity, and firmness, but it reduced marketable yield as much as 87%. This decrease was due to a reduction of fruit size and an increase in BER. For high salinity (EC=8),
